To determine whether endothelin could act as a circulating hormone in the regulation of blood pressure and sodiumwater excretion, we assessed the chronic effects of synthetic endothelin on systolic blood pressure, urine volume and urinary sodium excretion in conscious rats, and also evaluated the effects of benidipine or nilvadipine, newly developed calcium channel blockers, in rats infused chronically with synthetic endothelin. Continuous infusion of endothelin at a rate of 60,ug/kg/day into the jugular vein via osmotic minipumps induced a significant increase in systolic blood pressure, but did not induce any significant changes in urine volume and urinary sodium excretion, compared to those in vehicle-infused rats. On the contrary, the infusion of endothelin at a rate of 6 jig/kg/day did not induce any significant changes in systolic blood pressure, urine volume and urinary sodium excretion, compared to those in vehicle-infused rats. When 6 mg/kg/day of benidipine or 10 mg/kg/day of nilvadipine was administered simultaneously with 60 ,u g/kg/day of endothelin, the systolic blood pressure rose on Day I to only 137.0+2.4 mmHg (p <0.05) and 119.7 + 5.9 mmHg (p <0.05) compared to the rise to 163.8 + 4.7 mmHg when endothelin alone was infused. The antihypertensive effect of benidipine or nilvadipine was sustained for the entire experimental period and was not associated with any significant changes in urine volume and urinary sodium excretion. The present results suggest that endothelin can act as a circulating hormone and might be involved in the regulation of blood pressure. In addition, they clearly
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In the present study, we assessed the chronic effects of synthetic endothelin on systemic blood pressure and sodium-water excretion in conscious rats to determine whether endothelin could act as a circulating hormone in the regulation of blood pressure and sodium-water metabolism, and also evaluated the effects of benidipine (Kubo et al. 1985 ; Fuj ii et al. 1988) or nilvadipine (Ohtsuka et al. 1983 ), newly developed calcium channel blockers, in conscious rats infused chronically with synthetic endothelin.
METHODS
Male Sprague-Dawley rats weighing from 150-250 g were used. All rats were maintained in a humidity-and temperature-controlled room, each rat being housed in a metabolic cage during the study. The rats were fed a regular diet (Oriental CMF, 0.24% of sodium/g, 0.69% of potassium/g ; Oriental Yeast Co., Tokyo) and had free access to tap water. Studies were performed after a 7-day period of acclimatization to the housing, feeding, and drinking conditions. The rats were infused with 6 and 60,ug/kg/day of a synthetic endothelin or vehicle (0.9% physiological saline), delivered via osmotic minipumps (Alzet®, Palo Alto, CA, USA) into the jugular vein for up to 6 days. The vascular catheter (PE 60) was tunneled subcutaneously, and the osmotic minipump was implanted into the interscapular region of the rat's back under pentobarbitone sodium anesthesia (Abbott Laboratries Pty. Ltd., Tokyo). A synthetic endothelin of 21 amino acids purchased from Peptide Institute, Inc. (Osaka) was used in the present experiments and was dissolved in 0.9% physiological saline. Rats in the control group received the vehicle. Assuming that endothelin did not degrade during the study, and that the pumps dispensed fluid at the specified rate of approximately l 1u1/hr, the infusion doses (6 and 60 ,u g/kg/day) were chosen to be sufficient to induce a significant elevation of circulating levels of this peptide. The stability of endothelin in the osmotic minipump was examined by comparing the blood pressure elevating activity remaining in the solution recovered from the minipump after 6 days of use in the rat to the activities in freshly dissolved endothelin. No difference was observed in the activities between the fresh preparation and the solution recovered from the minipump.
The effect of combined administration of benidipine (Kubo et al. 1985; Fujii et al. 1988) or nilvadipine (Ohtsuka et al. 1983 ) with endothelin was assessed in rats on a regular diet. Following a 7 day control period, the rats were administered either with benidipine at a rate of 6 mg/kg/day or with nilvadipine at a rate of 10 mg/kg/day dissolved in polyethylene glycol by oral gavage once a day in combination with endothelin infused intravenously at a rate of 60pg/kg/day for up to 6 days.
Systolic blood pressure in the rats was recorded daily by an indirect tail cuff method (VEDA UR 1000, Ueda Industries Co., Tokyo) without anesthesia (Pfeffer et al. 1971) . Direct blood pressure measurements were assessed on the final day of experiments in the selected rats of each group for comparison with data obtained by the indirect method. With the rats under ether anesthesia, the left femoral artery was cannulated using polyethylene tubing. The catheter was tunneled subcutaneously and exteriorized at the nape of the neck. They were filled with heparinized (1,000 U/ml) saline solution and sealed by heating. Blood pressure measurements were performed using fully conscious rats. Rats were placed in rectangular boxes with no restriction of movement. The catheter was connected to a electronic transducer and amplifier (RMP 6004, Nihon Kohden, Tokyo) for blood pressure measurement. We confirmed that there was a significant correlation (p <0.05) between data obtained by both methods. The daily fluid intake, urine volume and urinary sodium excretion were also determined. Urinary sodium was measured with a flame photometer.
Data are expressed as means +s.E. Statistical analysis of the data between groups was performed by two-way analysis of variance for repeated measurements. Statistically significant differences on each day were isolated by the Newman-Keuls test for multiple comparisons of each value.
RESULTS
Body weight, systolic blood pressure, fluid intake, urine volume and urinary sodium excretion were not significantly different between the groups prior to the infusion of endothelin or vehicle.
As shown in Table 1 , continuous infusion of endothelin at a rate of 60 p g/kg/ day into the jugular vein via osmotic minipumps induced a significant increase in systolic blood pressure but not any significant changes in urine volume and urinary sodium excretion for up to 6 days, compared to those in vehicle-infused rats. On the contrary, the infusion of endothelin at a rate of 6 p g/kg/day did not induce any significant changes in systolic blood pressure, urine volume and urinary sodium excretion for up to 6 days, compared to those in vehicle-infused rats.
In the subsequent experiments, the effects of benidipine or nilvadipine on blood pressure, urine volume and urinary sodium excretion were assessed in rats infused with endothelin at a rate of 60 p g/kg/day. When 6 mg/kg/day of benidipine were administered simultaneously with 60 p g/kg/day of endothelin, the tail systolic blood pressure of conscious rats rose on Day 1 to only 137.0 + 2.4 mmHg (p <0.05), compared to the rise to 163.8+4.7 mmHg when endothelin alone was infused (Fig. 1) . The antihypertensive effect of benidipine was sustained for the entire experimental period in rats infused with endothelin (Fig. 1) . This was not associated with any significant changes in urine volume and urinary sodium excretion. Systolic blood pressure in the group given benidipine and endothelin was significantly lower than that in vehicle-infused rats. This was not associated with any significant changes in urine volume and urinary sodium excretion.
When 10 mg/kg/day of nilvadipine were administered simultaneously with 60 p g/kg/day of endothelin, the tail systolic blood pressure of conscious rats also rose on Day 1 to only 119.7±5.9 mmHg (p <0.05), compared to the rise to 163.8± 4.7 mmHg when endothelin alone was infused (Fig. 2) . The antihypertensive effect of nilvadipine was sustained during the experimental period in rats infused with endothelin (Fig. 2) . Systolic blood pressure in the group given nilvadipine and endothelin was also significantly lower than that in vehicle-infused rats. This was not associated with any significant changes in urine volume and urinary sodium excretion.
DISCUSSION
In the present study, we demonstrated that chronic infusion of a synthetic endothelin of 21 amino acids at a rate of 60 pg/kg/day for 6 days induced a sustained elevation of blood pressure whereas it failed to induce any significant changes in urine volume and urinary sodium excretion. In addition, it is interesting to note that calcium channel blockers were effective in counteracting the elevation of blood pressure induced by chronic infusion of endothelin. The blood-pressure elevating action of endothelin might be due to the increased vascular resistance because it has been shown that in vitro preparations endothelin induces a potent vasoconstrictive effect on a variety of blood vessels from various species Yanagisawa et al. 1988 ). It has also been suggested that the vascular effect of endothelin is dependent on extracellular calcium ion (Hirata et al. 1988 ; Yanagisawa et al. 1988 ). In addition, it has been shown that nicardipine, a dihydropyridine derivative, counteracts the vasoconstrictive effect of endothelin in vitro. To our knowledge, the sustained vasopressor effect of endothelin has not been previously reported, although it has been well documented that in short-term experiments endothelin induces an elevation of blood pressure (Goetz et al. 1988; Miller et al. 1989; Yanagisawa et al. 1988 ). The attenuation of the blood-pressure elevating action of endothelin by benidipine or nilvadipine, the other dihydropyridine derivatives, was not due to tachyphylaxis per se, since endothelin alone induced a sustained increase in systolic blood pressure in the absence of calcium channel blockers.
It remains to be determined whether endogenous endothelin could act as a circulating or local hormone, since we have not checked the levels of circulating endothelin during the infusion of this peptide. We have no definite explanation for lack of blood-pressure elevating effect of endothelin infused at a rate of 6 jig/ kg/day. It is not likely that lack of changes in blood pressure and urinary sodium excretion can be explained by an insufficient infusion rate of endothelin in the present study, since we chose the effective doses to induce vascular actions on the basis of in vitro and in vivo experiments on this peptide and its related vasoconstrictors. The systolic blood pressure of rats given endothelin at a dose of 6 ,u g/kg/day seems to be lower, but not significantly than that of vehicle-infused rats. The blood pressure response induced by a low dose of endothelin is most likely due to an indirect effect of endothelin since this peptide has direct contractile effects on isolated cardiac and vascular smooth muscle (Hirata et Winquist et al. (1989) reported that endothelin appears to cause a direct release of immunoreactive atrial natriuretic factor from rat right atria in vitro. Goetz et al. (1988) also reported that infusions of endothelin increased plasma levels of atrial natriuretic factor in conscious dogs. These evidence raised the possibility that the blood pressure response induced by a low dose of endothelin may be modulated indirectly, in part, by the actions of atrial natriuretic factor, since it has been reported to effect vasodilation in rats (Garcia et al. 1985) . However, the exact mechanisms remain to be elucidated in detail. The mechanism by which calcium channel blockers attenuated the bloodpressure elevating action of chronic infusion of endothelin can not be determined in detail from the present experiments. However, our results are consistent with the observation of Yanagisawa et al. (1988) that the vasoconstrictive effect of endothelin is dependent on extracellular calcium ion. Furthermore, Hirata et al. (1988) reported that the sustained increase in cytosolic free calcium ion concentrations stimulated by endothelin is entirely dependent on calcium ion influx through the voltage-dependent calcium ion channels. On the contrary, there have also several reports that endothelin may not act by voltage-dependent calcium channels (Auguet et al. 1988; Gu et al. 1989 ). Therefore, its exact mechanisms remain unclear. Although calcium channel blockers exert its antihypertensive effects in various types of hypertension via complex mechanisms (Stone et al. 1980 ; Van Zwieten 1984), we could not find any significant differences in urine volume and urinary sodium excretion between the groups infused with endothelin alone and in combination with calcium channel blockers. Therefore, it is unlikely that the antihypertensive effect of calcium channel blockers is due to loss of water and sodium. Further study will be needed to clarify the exact mechanisms by which calcium channel blockers attenuate the hypertensive effect induced by chronic infusion of endothelin.
In conclusion, the result of the present study that elevated levels of circulating endothelin could induce a sustained increase in systemic blood pressure, suggests that endothelin may be involved in the regulation of blood pressure by acting as a circulating hormone. However, its actual physiological relevance remains to be elucidated, since the release of endothelin into the circulation has not yet been shown.
